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Abstract
The LaAlO3/SrTiO3 system exhibits unusual magnetic and superconducting behavior arising
from electron-electron interactions whose physical origin is not well understood. Quantum trans-
port techniques, especially those involving mesoscopic geometries, can offer insight into these inter-
actions. Here we report evidence for long-range electron-electron interactions in LaAlO3/SrTiO3
nanowires, measured through the phenomenon of frictional drag, in which current passing through
one nanowire induces a voltage across a nearby electrically isolated nanowire. Frictional drag me-
diated by the Coulomb interaction is predicted to decay exponentially with interwire separation,
but with the LaAlO3/SrTiO3 nanowire system it is found to be nearly independent of separation.
Frictional drag experiments performed with three parallel wires demonstrates long-range frictional
coupling even in the presence of an electrically grounded central wire. Collectively, these results
provides evidence for a new long-range non-Coulombic electron-electron interaction unlike anything
previously reported for semiconducting systems.
1
ar
X
iv
:1
70
7.
01
17
1v
2 
 [c
on
d-
ma
t.m
es
-h
all
]  
30
 D
ec
 20
18
The heterointerface between the complex oxides LaAlO3 and SrTiO3 (LAO/STO) [1]
exhibits a rich variety of electronically-tunable properties such as superconductivity [2, 3],
magnetism [4, 5], and spin-orbit coupling [6, 7]. Many of these properties have been associ-
ated with strong gate-tunable electron-electron interactions [8, 9] which can be challenging
to dissect using conventional transport methods. The LAO/STO interface also exhibits
a hysteretic metal-insulator transition [10], which can be controlled locally using conduc-
tive atomic force microscopy (c-AFM) lithography [11, 12] and used to create a range of
mesoscopic devices [13].
The transport technique of Coulomb drag [14] (or more generally “frictional drag”) can
provide unique insight into electron-electron interactions in the LAO/STO system. When
two electrical conductors are situated in close proximity, current driven through one (the
“drive”) conductor may induce a voltage (or current) in the second (“drag”) conductor.
This effect was first proposed by Pogrebinskii [15] as a method to probe correlations among
the charge carriers of the system. Frictional drag measurements have been carried out in
coupled 2D-3D semiconductor systems [16, 17], coupled semiconductor 2DEGs [17–21] and
graphene [22, 23] systems, 1D-1D nanowires defined from semiconductor 2DEGs [24–26],
and in coupled semiconductor quantum dots [27]. In these systems, the physical mechanism
underlying frictional drag is dominated by Coulomb interactions. At large separations, non-
Coulombic corrections can become apparent in some semiconductor devices [28–30].
Here we report frictional drag measurements performed on LAO/STO nanowire-based
devices. The device fabrication process is illustrated in Fig. 1(a). C-AFM lithography is used
to define nanowires at the interface between 3.4 unit cells (uc) of LAO deposited on an STO
substrate by pulsed laser deposition (PLD). Details of the sample growth and fabrication of
electrical contacts are described elsewhere [11, 31]. Positive tip voltages applied on the LAO
surface produce locally conductive regions at the LAO/STO interface. The mechanism for
the writing process is attributed to surface protonation [31, 32]. A typical frictional drag
system (illustrated in Fig. 1(b)) is composed of two parallel nanowires with a width w ∼ 10
nm, length L ranging between 400 nm and 1.5 µm, and separation d ranging between 40
nm and 1.5 µm. Devices consisting of three parallel nanowires (shown in Fig. 1(c)) are also
investigated. Except where noted otherwise, all measurements are performed below T =100
mK. In both double-wire (Fig. 1(b)) and triple-wire (Fig. 1(c)) device geometries, frictional
drag measurements are performed by sourcing a current Ij in nanowire j and measuring an
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FIG. 1. Experimental setup. (a) Side-view of the nanowire fabrication process. A nanowire is
created at the LAO/STO interface between two Ti/Au electrical contacts with c-AFM lithography.
Protons (+) patterned on the surface by the AFM tip attract electrons (−) to the interface forming
a nanowire (green area). (b) Top-view schematic of the double nanowire device with length L, width
w, and wire separation d. The setup measures the induced drag voltage Vdrag = V2 across wire 2
created by current I1, which is induced by application of a voltage Vs1 across wire 1. (c) Schematic
of a triple nanowire device where drag voltage V3 induced by I1 is measured. All three wires are
grounded during the measurement.
induced voltage Vi in nanowire i. All nanowires are connected to the same ground during
the measurement. The current Ij is produced by applying a voltage VSj = Vdc+Vac cosωt to
one end of nanowire j; the resulting current Ij(ω) and induced voltage Vj(ω) at frequency
ω are measured using a lock-in amplifier. The resistance may then be expressed as a matrix
Rij = dVi/dIj = Vi(ω)/Ij(ω), which is generally a function of the DC drive current Ij (as
well as other parameters such as temperature T and applied magnetic field ~B). The off-
diagonal terms then define the drag resistance Rij, characterizing the mutual friction between
electrons in the drive and drag nanowires. In order to ensure that the drag resistances Rij
are not influenced by electron tunneling between the two nanowires, all measurments are
performed well below the measured inter-wire breakdown voltage of each device.
Typical results of a frictional drag measurement are shown in Fig. 2(a). The nanowires
are rendered non-superconducting by an applied magnetic field ~B = Bzˆ (where |B| >0.2
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FIG. 2. Magnetic field and separation dependence of drag resistance (a) Top panel, drag resistance
R21 as a function of bias current I1 and magnetic field B (Device 2G). Bottom panel, line profiles
of R21 at B = -7 T (black), -4.6 T (green) and -2 T (red). (b) Drag resistance Rij as a function of d
in the normal state regime in double- and triple-wire devices. Circle and square markers represent
double and triple wire devices. Red, blue, and black represent drive, drag, and grounded wire,
respectively. The relative position of three colors corresponds to the measurement configuration in
the device.
T) applied perpendicular to the heterointerface. The magnitude of R21 varies with B and
is antisymmetric in the drive current I1. In frictional drag measurements, Rij is expected
to be symmetric about Ij = 0 as the interaction transfers momentum from the drive system
to the drag system [24–26, 33]. Thus, when Ij changes sign, so should Vi. The fact that
Rij is antisymmetric with respect to Ij indicates that inversion symmetry of the nanowires
is broken somewhere and that quantum shot noise in the drive wire is primarily responsible
for the drag voltage V2 [33].
In order to help identify the electron-electron interactions responsible for frictional drag
in this system, we have created several devices with differing L and d, as delineated in
Table SI and SII in Supplemental Material [34]. The maximum values for |Rij| for the
magnetic field range explored (0.2 T≤ B ≤9 T) are plotted as a function of nanowire
separation d (Fig. 2(b)). Circle and square markers represent double-wire and triple-wire
devices, respectively. Square markers are composed of red, blue and black segments that
represent the arrangement of drive, drag and grounded wires, respectively. For example, a
circle marker with blue on top corresponds to a measurement of R12 in double wire device
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and a square one with color blue, black and red from top to bottom corresponds to a
measurement R13 for a triple-wire device. As shown in Fig. 2(b), the electron-electron
interactions between the drive and drag nanowires exhibit large variations, with little if any
explicit dependence on the nanowire separation d. This unusual scaling with distance is a
significant departure from the expected behavior if the Coulomb interaction were responsible
for the drag resistance. In the case when a Coulomb interaction gives rise to a drag voltage
in coupled nanowires, Raichev et al [35] predict that Rij ∝ e−4kF d/κ2, where kF ∼(10nm)−1
is the Fermi wave vector, and κ = 4pi with  > 10000 being the dielectric constant of STO
[36]. Such an exponential decay with distance is absent in our measurements. Moreover, the
exceptionally large dielectric constant of STO should lead to a suppression of Rij by several
orders of magnitude smaller compared with those measured in similar devices formed from
other material systems [24–26]; however, no such reduction is found. The weak scaling with
separation, and the insensitivity to the large dielectric constant of STO indicate that the
electron-electron interactions responsible for frictional drag are non-Coulombic in nature.
In order to further explore the nature of the long-range interactions leading to frictional
drag, experiments with three parallel nanowires are investigated in detail. Schematics for
two configurations (Figs. 3(a, b)) yield measurements of R12 and R13, respectively (Figs.
3(c,d)), as a function of drive current and magnetic field. A comparison of R12 and R13
allows for the nanowire separation to be varied within a single device, and simultaneously
probes the impact of introducing a central, grounded screening wire (for the case of R13).
Both the pattern as well as the magnitude of R12 and R13 are nearly identical, despite d
doubling (Fig. 3(e)). This result is consistent with the statistical findings summarized in
Fig. 2(b). The frictional drag for the R13 geometry is naively expected to be impacted
by screening from the central wire. Instead, there is no discernable screening effect. The
three-nanowire device geometry also enables one to ascribe the origin of the unique magnetic
signature of the drag signal (i.e., Fig. 3(c) and 2 (a)) to properties of the drag wire and not
the source wire.
In 2D semiconductor drag systems, virtual phonon exchange was shown to be independent
of distance [28–30]. The phonon-mediated coupling of the drag and drive systems, however,
had a characteristice temperature scaling: the phonon mediated drag is expected to increase
with increasing temperature [14, 28]. Fig. 4 shows the typical temperature dependence of
frictional drag. The drag resistance decreases monotonically with increasing temperature,
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FIG. 3. Triple wire experiment data. (a), (b) Schematics of triple-wire frictional drag. Drag
voltage V1 is measured from wire 1 with current sourced in wire 2 and 3 respectively. (c), (d) Drag
resistance R12 and R13 corresponding to configurations in (a) and (b) plotted as a function of B.
(e) Line profiles at I2 and I3 = 40 nA in (c) and (d)
FIG. 4. Temperature dependence of drag resistance R21 between T = 80 mK and T = 740 mK at
sourcing current I2 = −100 nA and B = −9 T (Device 2H). The drag resistance becomes negligible
above T = 500 mK for all of the devices investigated.
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becoming negligible for T > 500mK. This temperature dependence is inconsistent with
phonon-mediated frictional drag reported for 2D systems.
Frictional drag measurements between nanowires created on the LAO/STO heteroint-
erface exhibit a strong, distance-insensitive coupling which indicate a non-Coulombic in-
teraction. The temperature dependence of this effect is incompatible with other known
non-Coulombic interactions, such as virtual phonon exchange [14, 28–30]. While these mea-
surements do not specifically point to a particular coupling mechanism, there are candidates
worth considering. STO possesses a bulk cubic structure at room temperature that is un-
stable to an antiferroeistortive transition to a tetragonal phase below T =105 K [37]. The
ferroelastic domain structure gives rise to domain walls, which are correlated with anisotropic
electronic phenomena observed at LAO/STO heterointerface [38]. Ferroelastic domain walls
are nominally insulating in the bulk, but they are also reported to be polar and mobile under
applied electric fields. The coupling of ferroelastic strain states and local surface potentials
[39] could potentially mediate long-range interactions through the insulating near-surface
bulk STO layer. Long-range couplings, whether mediated through ferroelastic domains or
some other as-yet-unidentified mechanism, introduce a fascinating new element to the cele-
brated electronic properties of this oxide interface.
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Supplemental Material
In the supplemental document, two tables are provided that list device parameters for
double-wire and triple-wire devices. Parameters for double-wire devices include lengths and
separations between nanowires, two-terminal, four-terminal resistances of each wire and
drag resistances measured from each wire. In the table for triple-wire devices, each row
corresponds to a different measurement configuration depending on which two nanowires
are used for drive and drag wires. For example 3A12 corresponds to the configuration where
wire 1 and 2 are utilized and wire 3 is the grounded wire. R12 is the drag resistance measured
from wire 1 with wire 2 being the drive wire and vice-versa for R21. Due to the limitation
of the number of electrodes there is no four-terminal resistance in triple-wire device table.
TABLE SI. Double-wire device parameters.
Device L (nm) d (nm) R2T, 1 (kΩ) R2T, 2 (kΩ) R11 (kΩ) R22 (kΩ) R12 (Ω) R21 (Ω)
2A 400 40 58-72 42-48 31.3-43.5 8.4-9.2 20 60
2B 400 40 22-31 26-34 8.6-12.5 14.0-18.3 14 4
2C 1000 300 37-47 25-46 NA 8.7-18.4 51 23
2D 1000 450 40-108 29-34 NA 6.4-7.5 NA 39
2E 1500 550 27-35 29-63 NA 7.8-11.8 15 52
2F 1500 550 22-29 33-77 NA NA 27 26
2G 1500 550 23-36 22-51 11.5-16.0 3.7-5.5 19 41
2H 1500 1500 17-27 22-37 10.2-14.8 2.7-4.1 10 9
2I 400 200 50-127 27-37 29.7-97.8 5.2-6.7 NA 76
TABLE SII. Triple-wire device parameters. Subscripts i and j represent nanowires used in a
configuration. Rij and Rji represent drag resistances measured from wire i and j respectively.
Config (3Aij) L (nm) d (nm) R2T,i (kΩ) R2T,j (kΩ) Rij (Ω) Rji (Ω)
3A12 1500 750 26-41 26-34 14 5
3A13 1500 1500 26-41 29-47 10 18
3A23 1500 750 26-34 29-47 8 30
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